Introduction
We recently found that stimulation of DNA synthesis by epidermal growth factor was associated with rapid centrosomal separation in a variety of cell types (1) (2) (3) . In the course of investigating the effects of other growth factors on centrosomal separation we found that epinephrine and norepinephrine also increased centrosomal separation, which suggests that catecholamines might be mitogenic as well. The present report describes studies in mouse 3T3 cells and bovine aortic endothelial cells, which demonstrate that alpha adrenergic agonists stimulate DNA synthesis in the absence of serum or added growth factors.
Methods
Bovine aortic endothelial (BAE)' cells (a kind gift of K. Butterfield in the laboratory of Dr. J. Folkman) were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (Sterile Systems Inc., Logan, UT) and were used between the 6th and 12th passage after isolation. BALB Ci/mmol) and the cells were fixed and processed for autoradiography (4) 2 h thereafter. For the time-course study (Fig. 2 ) the [3H]thymidine was added along with epinephrine, 30 h after serum deprivation and cells were fixed at the indicated times so that, in this case, a cumulative labeling index was determined.
Centrosomal separation was studied in parallel coverslips by using indirect immunofluorescence as previously described (2) . With the exception of the experiment described in Fig. 2 test agents were added 46 h after serum deprivation and cells were fixed and processed for immunofluorescence 2 h later. The rat monoclonal anti-tubulin antibody used to stain microtubules ( Fig. 1) 
Results and Discussion
The time course of the epinephrine-induced centrosomal separation and entrance into S phase is shown in Fig. 2 . Centrosomal separation precedes the increase in labeling index by 3-6 h in both 3T3 and BAE cells. Note that the maximal effect of epinephrine on both parameters is comparable to that of an optimal concentration of EGF (20 ng/ml). Unstimulated cells showed no increase in either centrosomal separation or labeling index during the course of the experiment. The maximal effect of epinephrine on labeling index is reached at 10-6 M (Fig. 3) . A similar concentration dependence was found for centrosomal separation (not shown). To demonstrate that cells stimulated by epinephrine were capable of progressing through the remainder ofthe cell cycle and replicating we studied the increase in cell number of cells grown in the presence or absence of epinephrine for 45 h ( Table I) . As is evident, epinephrine alone, in the absence of calf serum or other added growth factors, caused a significant increase in cell number over unstimulated controls at both 24 and 45 h. The effect was comparable to that of an optimal concentration of EGF (20 ng/ml) in EC cells but was somewhat less in 3T3 cells. 10% fetal calf serum was substantially more effective than either epinephrine or EGF as might be expected. [3H]Thymidine (I uCi/ml) was added 2 h before fixation. Denotation of symbols as in Fig. 1 .
suggested that mitogenesis was mediated by alpha adrenergic stimulation. This was substantiated by demonstrating that phentolamine but not propranolol blocked the mitogenic effect of epinephrine (Fig. 5) . Phentolamine had no effect on EGFinduced mitogenesis (not shown). The a2-specific agonist clonidine had no effect by itself and inhibited the DNA synthetic response to epinephrine. Prazosin, an a, specific blocker, inhibited the epinephrine effect whereas yohimbine, an a2 specific blocker, did not inhibit the epinephrine effect and, surprisingly, was itselfa stimulator ofDNA synthesis in both cell types (Table   II) . Thus, a,-receptor activation mediates the stimulation of DNA synthesis in these cells by catecholamines. In contrast, the effects ofclonidine and yohimbine suggest an antimitogenic effect of a2 receptor activation. It is clear that, in these two cell types, the predominant effect of catecholamines is to stimulate mitogenesis and thus we can conclude that the a,-effect is dominant. Nevertheless, the possibility exists that in other cell types or under different conditions the a2-effect might become dominant and so result in inhibition of mitogenesis by catecholamines. The observation that yohimbine stimulates DNA synthesis in serum-free cultures suggests the intriguing possibility that an endogenous a2-specific agonist is secreted by the cells and acts as an auto-inhibitor of cell growth. Fig. 6 shows that two structurally dissimilar calmodulin antagonists (trifluoperazine and W-7) inhibit entrance into S phase induced by epinephrine. W-5, the dechlorinated analogue of W-7, which is 1/5 to 1/10 as potent a calmodulin inhibitor in vitro (5, 6) , has only a minimal effect. Parallel studies of centrosomal separation were done for the experiments presented in Figs. 2-6 with qualitatively similar results (not shown). [3H]thymidine (1 ;&Ci/ml) was added 2 h before fixation. A given group of cells was observed microscopically through a fluorescein-specific filter (A, C, E, G) and with bright field illumination (B, D, F, H). In 3T3 cells (A-D), eight labeled nuclei (B) out of 20 (A) are seen in a field of cells that had been exposed to epinephrine. Only one nucleus is labeled (D) out of 12 (C) in a field of unstimulated cells. In endothelial cells (E-H), 6 (F) of 17 To our knowledge a direct mitogenic effect of catecholamines, in the absence of serum or other growth factors, has not been reported previously. In retrospect, however, it is perhaps not unexpected since a number of studies have indicated that some of the alpha adrenergic effects of catecholamines (a,) are mediated by calcium (7) and since an increase in intracellular free calcium has been suggested to be a trigger for mitogenesis (8, 9) . Our previous studies on centrosomal separation induced by EGF also suggested that this effect was triggered by increased intracellular calcium via calmodulin (2) .
A central question raised by the present study is whether the mitogenic effect of epinephrine or norepinephrine occurs physiologically. The concentration of epinephrine required for maximal effect in our cells (10-6 M) is similar to that required for alpha receptor-mediated activation of glycogenolysis in perfused rat liver (10) or isolated hepatocytes (11, 12) and for stimulation ofpotassium release from isolated parotid cells (13) but is somewhat higher than that required for enhanced hepatic glucose output in humans (14). The local concentration of norepinephrine released from nerve terminals is unknown but is presumably quite high. Perhaps during embryogenesis adrenergic amines modulate cell proliferation and organogenesis by localized effects mediated by the sympathetic nervous system. It also seems possible, as noted above, that there are other endogenous agents that may act through an a2-adrenergic receptor mechanism to inhibit cell growth in vivo; however, this is entirely speculative. Finally, we may wonder whether alpha adrenergic receptor stimulation is associated with the activation ofa tyrosine protein kinase as is the case with a number of other growth 501- factors (15) (16) (17) (18) (19) as well as the proteins coded for by various cellular and viral oncogenes (20) .
